The influence of surface topography of side-polished fiber on resonance wavelengths and the full-width-at-half-maximum (FWHM) of surface plasmon resonance was evaluated in this work, based on the power spectrum density, wavelet, and finite-difference time-domain methods. The abrasive size determined the surface topography with various spatial period components. Coarse abrasives induced obvious low-frequency waviness features and a blue shift in the resonance wavelength. Fine abrasives introduced middle frequency microwaviness (0.5-1.0 μm), which led to a blue or red shift, depending on the special period extent between 0.5 and 0.75 μm. All waviness components broadened the FWHM because of the superimposed effect and the introduction of a high-order coupling model. High-frequency roughness components were able to shift the resonance peaks toward shorter wavelengths. Larger coupling energy tended to decrease the FWH, while highorder coupled modes tended to broaden the FWHM. We established a roughness model with Maxwell-Garnett theory incorporated into fractal dimensions. Experimental results demonstrated the feasibility of such a model. Small abrasive particles were able to narrow the FWHM, which is beneficial for identification of resonance wavelengths and evaluation of the surface plasmon resonance effect.
Introduction
Over the past two decades, numerous types of optical sensors have been proposed based on surface plasmon resonance (SPR) and applied to a wide range of chemical and biological sens- ing tasks. Because of limitations in Kretschmann prism geometry [1] - [3] , e.g., the large size and cumbersome packaging, sensors utilizing the SPR phenomenon have been developed based on optical interaction effects which employ alternative structures such as optical fibers. SPR-based sensors which utilize optical fibers (hereafter denoted simply as fiber SPR sensors) offer some unique advantages, such as easy coupling, remote sensing, immunity to electromagnetic interference, fast response rates, and a high potential for miniaturization [4] , [5] . Presently, fiber SPR sensors based on side-polished fibers (SPFs) have attracted increasing attention owing to their relatively simple fabrication. They have served as a wide variety of optical components including polarizers, resonators, switches, and evanescent fiber sensors [6] - [9] .
Most SPFs are obtained with a polishing method which employs various fixtures, such as V-shaped groove polishing wheels or direct polishing wheels. Regardless of the precise polishing method employed, the working surface, through which the evanescent field penetrates, inevitably exhibits surface characteristics which are typical of machined surfaces. However, such optical components are particularly affected by surface irregularities. Surface topography can have a profound effect on optical performance. Interestingly, some of these effects may actually be advantageous. Chen et al. [10] , [11] experimentally determined that the relatively large scale surface fluctuations (i.e., waviness) introduced by single-point diamond turning can decrease the laser-induced damage threshold of KH 2 PO 4 (KDP) crystals. Zhao et al. [12] demonstrated that a rough SPF surface (as opposed to a smooth surface) with macro-scratches can be directly employed as a promising sensing device for detecting temperature and strain. Unfortunately, the authors did not provide the surface analysis method employed in their study or disclose its relevant parameters. Nevertheless, these studies demonstrate the significant value associated with a rigorous study of the influences of surface topography on optical performance. Such studies greatly contribute to the optimization of machining conditions and the improved performance of fiber SPR sensors based on SPFs. However, very few published studies have focused on the optical performance of the polished surfaces of SPFs.
To rectify this deficiency, the present study first analyzes the spatial frequency components of the side-polished surface topography using power spectral density (PSD) and the wavelet transform (WT) methods [13] - [16] , thereby recovering waviness and roughness features. The effects of waviness and roughness on decreases in SPR resonance are then analyzed numerically with the finite-difference time-domain (FDTD) method [17] , [18] . Of equal or greater importance, this work is the first to develop an optical model of surface roughness using fractal theory, which is then incorporated with Maxwell-Garnett theory to calculate the effective dielectric function of the metal-dielectric compound layer. Finally, the SPFs covered with Ag film were manufactured using a vacuum evaporation method. The experimental results properly corresponded with the numerical results. This research provides a method for establishing optical models of surface topography and could play an important role in guiding the design and manufacture of SPF SPR sensors.
SPFs Manufacture and Numerical Analysis

Manufacturing of SPFs
The SPFs were fabricated by a wheel polishing machine (WanRun Ltd., WuXi, China) for experimental testing. Fig. 1(a) illustrates the employed processing and optical transmission analysis configuration. The fiber used was a standard SMF (Corning SMF-28) with a core/cladding diameter of 8.2/125 μm. The fiber coating covering the section to be polished was stripped in advance and the remaining fiber was cleaned with alcohol. A series of standard weights were prepared to provide suitable tension for the purpose of controlling the polishing force and the resulting material removal rate. Abrasive paper was then fastened around the lapping wheel. A broadband light source (BBS) with a range of 1250 nm to 1650 nm and an optical spectrum analyzer (OSA; Yokogawa AQ6370C) were employed to measure the transmission profile for the SPF during the entire polishing process. The residual thickness of the SPF was evaluated by an optical microscope. After each polishing step, the polished surface was gently cleaned using an air-laid paper with alcohol to remove any residual silica dust and allow for an accurate evaluation of the depth of material removed by optical microscopy. Fig. 1(b) shows an optical microscopy image of a fiber cross section after polishing. The thickness of the residual cladding on both samples 1 and 3 was controlled to within ∼3 μm to ensure evanescent field leakage but with a small energy loss (<5 dB). The detailed processing parameters are listed in Table 1 .
The polished surface topography was evaluated by atomic force microscopy (AFM). The sampling area was 10 μm × 10 μm while the sampling period was 0.314 μm/pixel for a total of 256 × 256 sampling points. Because the evanescent field only exists near the fiber core for an SMF with a core diameter of 8.2 μm, the sampling area employed was sufficient. For a given number of sampling points, a smaller sampling area provides more detailed information. AFM images of samples 1 and 3 are shown in Fig. 2 . It is evident in the figure that SPF surfaces processed with the presented polishing method exhibit obvious spatial fluctuations, which are directly related to the size of abrasive structures employed in the polishing process. Fig. 3(a) and (b), respectively, present the transmission spectra corresponding to the surfaces shown in Fig. 2 .
From Fig. 3 , we can determine that different surface topographies produce different effects on the transmission loss and spectrum shape of the transmitted light signals. The figure also indicates that transmission loss is greatest at longer wavelengths for both samples. The coarse abrasive paper tends to induce a greater loss than the smooth abrasive paper for equivalent residual cladding thicknesses. This leads to a highly variable transmission spectrum, which may influence the formation of SPR waves and lead to difficulty in evaluating SPR decreases.
Obtaining Surface Frequency Information
The AFM data shown in Fig. 2 were extracted and their topography was analyzed. Detailed AFM plots are shown in Fig. 4 . These surface topographies, seen in the figure, exhibit obvious differences with respect to various polishing parameters. Larger abrasive particles tend to induce deeper scratches and generate obvious waviness. The highest spatial fluctuations along the z direction for the surface processed by 800# abrasive paper (sample 1) was approximately 7.5 times that of the surface processed by 7000# abrasive paper (sample 3). From visual inspection, the polishing directions shown in Fig. 4 (a) and (b) are approximately parallel to the y axis. As a result, frequency information should be obtained along the x axis, as marked in the figures.
Spatial frequency components for the surfaces were analyzed using an average 1-D PSD profile curve. Fig. 5 shows the 1-D PSD profile curve for the surfaces shown in Fig. 4 . The curve is primarily comprised of a low spatial frequency waviness zone (spatial period T ࣙ 1 μm), a middle spatial frequency micro-waviness zone (spatial period 0.5 μm ࣘT < 1 μm), and a high spatial frequency roughness zone (T < 0.5 μm). Because the entire sampling length is only 10 μm, a 0.5 μm period was established as the boundary between waviness and roughness features for the surface.
In order to achieve an intuitive interpretation of the spatial frequency results, the WT method was employed to obtain 3-D topography for each surface representative of a given spatial frequency component. Fig. 6 shows decomposition results for the surface shown in Fig. 4(a) . Fig. 6(a) represents the high spatial frequency roughness components. The roughness zone was comprised of a series of high frequency components which were not amendable to description according to a series of sine or cosine curves for a given T and a. Fig. 6 (b) displays the middle frequency microwaviness components T = 0.75 μm. Fig. 6(c) -(e) present the three low spatial frequency waviness components (i.e., T = 1.2 μm, T = 2 μm, and T = 5 μm, respectively). The roughness components correspond to the mechanism of material removal (brittleness or plasticity) and the waviness components are the result of multiple repeated abrasions. These are related to the parameters of the abrasive material employed, whose formation is also related to the cutting course. Fig. 6 (a) clearly demonstrate that low spatial frequency waviness components represent the predominant surface topography for the original polished surface obtained by 800# abrasive paper.
From Fig. 6 (b), we also find that the middle frequency micro-waviness and high frequency roughness occupy the principle surface topography as the abrasive particles become smaller. In addition, these low and middle spatial frequency components represent a reasonable approach to establishing an optical model of the waviness features for a surface using sine and/or cosine curves.
Optical Effects of Waviness
For investigating the influence of various characteristics of surface topography on SPR sensor performance, regular periodic surface waviness was represented by a sine wave curve. The optical performance of the modeled SPF SPR sensor was evaluated by the FDTD method. 2D calculations were conducted along the cross section of the fiber. In the calculations, the residual cladding thickness was set to 200 nm to ensure the evanescent field leaked completely. The diameter of the fiber core was 8.2 μm, which is consistent with the actual size of the cores used in the experiments. The metallic material was Ag with a film thickness of 45 nm. The refractive index of the Ag film was determined according to the Drude model [19] , and was approximately 0.054 + 3.149i at a wavelength of 530 nm. The refractive index of the surrounding medium was 1.333, which is very similar to water. The refractive indices of the cladding and core were determined by the Sellmeier function [20] , with the difference set to ∇ = 0.006.
In order to compare the ideal flat surface with a fluctuating surface, the period T and amplitude a of the representative sine curve were set to 0.3 μm and 50 nm, respectively. Fig. 7(a) and (b) show the radiant flux of the fundamental modes and SPR coupling modes for the modeled SPF SPR sensors with equivalent physical parameters, but with an ideally flat surface topography and the above-defined sine wave surface topography, respectively. The effective refractive index n eff of the mode in Fig. 7(a) is 1.449 + (3.165 × 10 −5 )i, whereas that in Fig. 7 (b) is 1.449 + (2.068 × 10 −5 )i. The real part of n eff reflects the propagation constant while its imaginary part is proportional to the transmission loss. The imaginary parts of the two n eff values indicate that a spatially fluctuating surface tends to limit the formation of SPR and decreases the coupled power in the Ag film from the fundamental mode, thereby reducing transmission loss. In addition, spatial fluctuations in the surface clearly alter the SPR radiant flux distribution substantially. Fig. 7 (b) presents a regular periodic distribution of radiant flux which is dictated by surface fluctuations, where the greatest radiant flux appears at the peak position. Moreover, radiant flux at valley positions is much less than the average value shown in Fig. 7(a) . This may be why the overall transmission loss is lower in this case than for the ideally flat surface, as discussed above. Fig. 8 shows the influence of spatial period and amplitude on the SPR loss curve and Fig. 8(a) represents the relatively longer spatial period components. The figure also demonstrates that fluctuating waviness indeed limits the loss of SPR. Meanwhile, calculations show that the maximum SPR coupling mode seen in Fig. 7(b) corresponds to a wavelength of 0.574 μm. The mode in Fig. 7 (a) corresponds to a wavelength of 0.533 μm, demonstrating that surface fluctuations shift the wavelength of the maximum SPR coupling mode away from the value associated with an ideally flat surface. The calculations of other periods and amplitudes also clearly show an offset effect on the position of the SPR loss peak. However, offset directions and values are not the same with a different period and amplitude. Fig. 8(a) shows that the longer periods (ࣙ0.75 μm) tend to make the loss peak locate at shorter wavelengths, as compared with the ideal position of 0.533 μm. The offset value gradually increases as the period becomes smaller (but >0.5 μm) or the amplitude larger. Fig. 8(b) shows the loss peak shifting towards longer wavelengths as the spatial period gradually becomes smaller (ࣘ0.5 μm). The offset regulation, however, is the same as that of Fig. 8(a) when the amplitude changes.
By investigating the zone marks shown in Fig. 5 , we can deduce that the SPR loss peak will shift towards shorter wavelengths corresponding to polishing surfaces on which the low spatial frequency waviness occupies a principle proportion [such as the surface shown in Fig. 4(a) ]. However, when the middle frequency micro-waviness is the principle feature [such as the surface shown in Fig. 4(b) ], the peak may tend toward shorter or longer wavelengths, depending on the special extent of the spatial period which is between 0.5 μm and 0.75 μm. In addition, because waviness decreases the loss value, a practical full width at half maximum (FWHM) tends to increase compared with that of the ideal flat surface. Meanwhile, the practical surface contains several waviness components. The superimposed effect also makes the FWHM wider. Fig. 8 also presents high-order loss modes appearing at short wavelength positions. Their exact positions are related to the spatial period and amplitude. We do not address the high modes compared with the principle loss peak in this work, because of the relatively small loss value. Fig. 6(a) demonstrates that roughness is not amendable to being modeled with a series of sine and/or cosine curves. As such, fractal theory is employed to characterize roughness features for a surface. Fig. 9(a) shows a profile of the surface seen in Fig. 6(a) along its x axis; its fractal dimension is 1.85. Fig. 9(b) shows the profile obtained from the W-M function [21] with an equivalent fractal dimension of 1.85. A visual comparison of the two figures suggests the W-M function and fractal dimension can effectively describe roughness features for an actual surface profile, which makes this approach ideally suited to the development of an optical model of surface roughness.
Optical Effects of Roughness
For the purpose of developing an optical model of surface roughness, fractal theory is incorporated with Maxwell-Garnett theory to calculate the effective dielectric function εeff of the metal-dielectric compound layer. This compound layer is illustrated on the right side of Fig. 10 . The dielectric function of the metal is ε s , and the dielectric function of the dielectric medium (SiO2) is ε m . The effective thickness d of the compound layer is not equivalent to the assumed value (i.e., the distance from the lowest point on the surface, representative of the roughness components, to its highest point). The effective dielectric function εeff and the effective thickness d determine the compound layer.
According to Maxwell-Garnett theory, the value of ε eff for this composite layer as a function of frequency ω is [22] 
where the volume fraction of the metallic constituent is represented by q. Because the fractal dimension describes the spatial filling capacity of a surface, the value of q can be evaluated by calculating the fractal dimension of the surface roughness as follows:
where D 1 and D 2 are the 2-D and 3-D fractal dimensions of the surface roughness and 1 < D 1 < 2, while 2 < D 2 < 3. We assume the height data for the surface roughness is distributed according to a Gaussian function [23] 
where A is the amplitude and σ is the standard deviation in the values of z. The value of d was fixed as 2σ. Accordingly, the compound layer is completely determined by d and ε eff . Fig. 11 represents the fitting results for roughness height data extracted from the surfaces shown in Fig. 4(a) and (b) . The 2σ are 38.6 nm and 3.2 nm, respectively. The refractive index of Ag-SiO2 composite layers with changing fractal dimensions representative of roughness are shown in Fig. 12(a) , where the wavelength is set to 0.533 μm.
The refractive index of Ag-SiO2 composite layers with changing wavelength are shown in Fig. 12(b) , where the fractal dimension is set to 1.8. Fig. 12(a) demonstrates that the compound film exhibits varying properties between those associated with a metal and a dielectric with changing fractal dimension. The compound layer shows dielectric features when the fractal dimension is above 1.5 and metallic performance when the fractal dimension is below 1.5. Fig. 12(b) shows that the refractive index of the Ag-SiO2 composite layer also depends on wavelength with a fixed fractal dimension. The shorter wavelength tends to amplify the compound layer's metallic features, while its dielectric features are enhanced at longer wavelengths. This model can provide beneficial guidance for designing SPF SPR sensors when it becomes necessary to consider the effects of surface roughness on sensor performance.
The influence of the roughness compound layer with different fractal dimensions and effective d on the SPR loss peak were analyzed using the optical model of roughness information described above. These calculations are shown in Fig. 13 . Fig. 13(a) represents the position of the loss peak as it shifts to shorter wavelengths, while the maximum loss value tends to increase with an increasing fractal dimension D. Fig. 13(b) shows a similar shift regulation in the loss peak with an increasing effective thickness d. The roughness compound layer tends to improve the formation of SPR and increases the coupled power in the Ag film from the fundamental mode. In addition, the larger peak value tends to decrease the FWHM. However, higher-order coupled modes and the superimposed effect are also present and tend to broaden the FWHM. Based on the above discussion, we can deduce that the position of the loss peak will shift towards shorter wavelengths. This occurs for the precise polishing surface on which high frequency roughness occupies the principle proposition of surface topography information, not the waviness.
Experimental Results and Discussion
The method of vacuum thermal evaporation was used to deposit a layer of silver film with a uniform thickness over the SPFs. The machine (SKY Technology Development Co., LTD, Shenyang, China) was able to measure and control the thickness of the film with a crystal oscillator. The evaporation material was silver particles of a high purity (99%) and the vacuum pressure was set to 5 × 10 -5 Pa. The evaporation speed was controlled around 4 nm/s by adjust the heating electric current. Fig. 14 shows images of the Ag film on a silicon wafer which was being coated with SPFs simultaneously, in order to observe and measure the coating. The practical thickness of Ag film is 47 nm measured by stylus profiler (Dektak-XT, Bruker) and there are local drop defects across the whole Ag film.
In order to study the influence of SPFs with different surface topography on SPR formation and loss peaks, testing equipment was established as shown in Fig. 15 . The platform mainly consists of a halogen lamp light source (Ocean Optics, LS-3000 300-1100 nm, Dunedin, FL, USA), an optical fiber spectrometer (Ocean Optics, QE65000 200-1100 nm), a PC computer, a manual lifting platform, and optical fiber fixing devices. The media used was deionized water on a glass slide. Fig. 16 shows the transmission spectra for sample 4 with different media (air and water). Comparing the curve in air, the spectrum in water clearly shows the SPR resonance absorption effect. Under the condition of phase matching, the transmission energy, which distributes in the extent of a certain wavelength, avoids the evanescent field and couples to the SPW of the Ag coating. There is a specific wavelength at which the transmission energy shows maximum loss.
In order to obtain the precise position of a resonance peak and its corresponding dip shape, the transmission spectrum should be normalized. By taking the spectrum data in air as the common denominator, the spectrum in deionized water is normalized in order to exclude the resonance dip. Fig. 17 shows the normalized results for sample 1. The transmission curve shows a highly variable transmission spectrum, which corresponds to Fig. 3(a) . Dramatic surface fluctuations may introduce interference effects and cause significant dispersion of transmission data, which leads to difficulties in obtaining the precise position of resonance peaks and absorption bandwidths. As a whole, the coarse abrasive material is not beneficial for evaluation of the SPR sensor. The approximate position of the wavelength resonance dip is 527 nm. Compared with the ideal dip position of 533 nm, this result conforms to the analysis presented in Section 2.3. The absorption bandwidth (represent by FWHM) was 125 nm.
The normalized transmission spectrum of other samples (sample 2, 3, 4, and 5) are shown in Fig. 18 . The dip positions are 535 nm, 520 nm, 508 nm, and 506 nm; with bandwidths of 108 nm, 104 nm, 57 nm, and 55 nm, respectively. For samples 2 and 3, the dip shape and bandwidth are very similar as shown in Fig. 18(a) and (b) . This phenomenon illustrates that the polishing surfaces of sample 2 and sample 3, processed by 5000# and 7000# abrasive paper respectively, have analogous surface topography and spatial periods of micro-waviness. From Fig. 5(b) , we find that the middle frequency micro-waviness occupies the principle surface topography of sample 3. The principle spatial periods are 0.6 μm and 0.9 μm. In Section 2.3, we note that the dip may shift towards shorter wavelengths or longer wavelengths when the middle frequency micro-waviness is the principle feature. The special wavelength extent is between 0.5 μm and 0.75 μm. So, without regard to the random experiment error and the fitting error, the experimental resonance wavelengths (520 nm and 533 nm) of samples 2 and 3 agree well with both the numerical analysis results presented in Section 2.3 and our own expectations.
Samples 4 and 5 were polished with the same abrasive paper (10000#), so the shape and bandwidth of their normalized transmission spectra are nearly the same. In addition, the dip po- sitions which shift towards shorter wavelengths also correspond with the analysis results given in Section 2.4. For the precise polishing surface, high frequency roughness information exactly occupies the principle proposition of surface topography and the out optical model for roughness is also reasonable. Meanwhile, the small difference between 508 nm and 506 nm proves that the SPF surfaces obtained by polishing are reproducible. In all, the small abrasive particles were able to narrow the bandwidth, which is beneficial for identifying resonance wavelengths and evaluating the SPR effect.
Conclusion
In this work, the frequency information of SPF surfaces polished with various abrasive sizes was developed based on PSD wavelet methods. The influence of SPF surface topography on the resonance wavelength and dip shape was evaluated using the FDTD method. The results of experiment and numerical analysis demonstrated the following. 1) Polished surfaces consisted of various spatial period components. The surfaces processed with a coarse abrasive (such as 800# abrasive paper) showed obvious low-frequency waviness features, while most of the principle spatial periods were larger than 1 μm. The middle frequency micro-waviness (0.5-1.0 μm) occupied the main proposition of topography information for the surfaces processed by a relatively fine abrasive (such as 5000# or 7000#). 2) The low frequency waviness tended to shift the resonance peak towards shorter wavelengths.
However, middle frequency micro-waviness may shift the peak toward shorter or longer wavelengths, depending on the special extent of the spatial period which was between 0.5 μm and 0.75 μm. All waviness components were able to broaden the FWHM because of the superimposed effects of different components and the introduction of a high-order coupling model. 3) Fractal dimension is quite appropriate for describing the roughness profile. High frequency roughness components were able to shift the resonance peak toward shorter wavelengths.
The maximum loss value tended to increase with an increasing fractal dimension D and effective thickness d. A larger coupling energy tended to decrease the FWHM, while high-order coupled modes tended to broaden the FWHM. 4) The waviness model, described by a series of sine and/or cosine curves, and the roughness model, described by Maxwell-Garnett theory incorporated with fractal dimension, were both reasonable for analyzing the optical performance of surface topography. Tiny abrasive particles narrowed the FWHM, which is beneficial for identifying resonance wavelengths and evaluating the SPR effect.
